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ABSTRACT 
Analyzing “Hot Spots” Created by Electron Beam (eBeam) Technology  
 
 
Aracely Anahi Perez Gomez 
Department of Biology 
Texas A&M University 
 
 
Research Advisor: Dr. Suresh D. Pillai 
Department of Poultry Science/Food Science 
Texas A&M University 
 
 
 Electron beam (eBeam) technology is commonly used to sterilize food and food ingredients 
to inactivate microbial pathogens. In eBeam processing, electrons are accelerated to the speed of 
light in a linear accelerator, before being showered over a product, resulting in microbial 
inactivation. It causes multiple single and double strand breaks in the DNA of microbial pathogens 
and other organisms that may be present. If the cell undergoes numerous double-strand DNA 
breaks, the bacterium is considered inactivated because it can no longer multiply. When exposed 
to electron beam (eBeam) irradiation it has been observed that bacterial genomE undergoes 
fragmentation. However, it is unclear whether there are “hot spots” in the genome for these DNA 
breakages. It is important to understand whether “hotspots” exist that help create these breakages 
when DNA encounters electrons. These studies can lead to a better understanding of the effects 
eBeam has on bacterial DNA. This will also help to determine how bacterial cells respond to 
eBeam irradiation. E. coli and Salmonella cells were exposed to a kill dose of eBeam irradiation 
to measure differences in physical damage. The experimental objective was to determine whether 
eBeam creates random DNA breakages or if there are “hot spots” where the double stranded DNA 
breaks occur. 
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NOMENCLATURE  
 
eBeam  Electron Beam 
 
NIR  Non-ionizing Radiation 
 
IR  Ionizing Radiation 
 
kGy  KiloGray 
 
PFGE  Pulsed-Field Gel Electrophoresis 
TSA  Tryptic Soy Agar 
TSB  Tryptic Soy Broth 
CSB  Cell Suspension Buffer 
SKA  Seakem Gold Agarose 
CLB  Cell Lysis Buffer 
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CHAPTER I 
INTRODUCTION 
 
Electron Beam (eBeam) Technology 
Electron beam (eBeam) technology employs ionizing radiation to ionize molecules thereby 
causing damaging effects in various bio-molecules. The technology relies on accelerating electrons 
from commercial electricity rendering them to very high energies (10 million electron volts, MeV). 
These highly energetic electrons are made to come in contact with materials that need to be 
sterilized or disinfected or their properties modified. The energetic electrons will cause structural 
damage to the DNA of possible microbial contaminants thereby inactivating them and rendering 
the product sterile. The technology is used in a wide variety of commercial applications in the 
medical device industry, agriculture, material sciences, and environmental industries (Pillai, 
2016).  
 
Broadly speaking there are two categories of radiation technologies: non-ionizing and 
ionizing radiation. The difference between the two technologies is the effect of the of energy 
applied. Instead of producing ionization events when passing through matter, non-ionizing 
radiation (NIR) has sufficient energy only for excitation. NIR is characteristic for low energy, 
frequency and a longer wavelength. Nevertheless, NIR is still known to cause biological effects. 
Few examples of NIR are infrared, microwave and radio waves that range from 10-6 m – 102 m 
(Ng, 2003). On the other hand, ionizing radiation has enough energy to ionize atoms (molecules) 
releasing energetic electrons which will in turn interact with molecules it encounters. Few 
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examples of ionizing radiation are, X-rays, Gamma Rays and eBeam that have wavelength ranges 
of 10-7 m – 10-12 m (Figure-1).   
 
Figure-1. Electromagnetic spectrum representing ionizing and non-ionizing radiation 
examples (Pillai, 2016). 
 
Although eBeam employs ionizing radiation, it differs to other IR technologies by not using 
radioactive materials to cause ionization events. eBeam technology accelerates electrons to almost 
the speed of light by a linear accelerator. These accelerators have the capacity to be turned on and 
off when not in use. In contrast, radioactive sources constantly emit radiation as a consequence of 
its natural radioactive decay. Therefore, radioactive sources cannot be “turned on and off”. eBeam 
technology’s ability to be turned on/off has major implications related to operating costs, worker 
safety, and carbon footprint (Pillai, 2016). The accelerated electrons are showered over and into 
the product (to be treated) through the eBeam horn (Figure-2). Each treatment process is calibrated 
in terms of absorbed dose, the amount of energy absorbed per unit mass. Kilogray (kGy) is the 
standard unit of absorbed dose.  
  
6 
 
Figure-2. An eBeam linear accelerator demonstrating the direction of an electron shower 
(Pillai, 2016). 
 
The target radiation dose that is delivered to a product during irradiation is controlled by 
the amount of time the product is held under the eBeam horn. When electrons shower the product, 
electrons are ejected from their orbital shells that then create a series of ionizing events (Figure-
3A). When ionizing radiation encounters water molecules, hydrolysis occurs and free radicals are 
formed which lead to double and single strand breaks in the DNA (Figure-3B). 
  
Figure-3. A) Representation of ionizing radiation knocking out an electron from its orbital 
shell. B) Juxtaposed double-stranded break caused by hydrolysis and reactive free radicals in 
DNA; thus, leading in cell inactivation (Pillai, 2016). 
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Even though the microbial cell has resilient repair mechanisms, the double strand breaks 
are so extensive leading to the halting of DNA replication; thus, inactivating the cell (Pillai, et al., 
2017). Double strand breaks are the most lethal form of DNA damage because they halt DNA 
replication and, therefore, cellular multiplication. However, it is unclear whether there are “hot 
spots”, or more susceptible locations in the genome for these DNA breakages. The resistance of 
microorganisms to ionizing radiations differ respectively, but can be compared by measuring their 
D-10 values. A D-10 value is defined as the dose that reduces 90% of viable microbial cells (1 
log10 reduction) (Pillai, 2016). Therefore, processing materials with eBeam offers an opportunity 
to reduce viable microorganisms by defined levels. Therefore, using eBeam technology (at the 
appropriate eBeam dose) on a sample that has high levels of bioburden will result in a product with 
bioburden levels that are below detection limits. 
 
Overall Objective 
 The objective of this study was to irradiate six strains of two different bacterial genera 
namely E. coli and S. Typhimurium, at 7kGy and 0kGy (control), to determine if DNA 
fragmentation occurs after eBeam irradiation and if fragmentation occurs at specific “hotspots” 
within the genome.  
 
Specific Objective 
1.  Phase 1 involved determining whether DNA would fragment after being subjected to an 
eBeam dose of 7kGy. This was accomplished by using a 5200 Fragment Analyzer (Agilent, 
Austin, TX) to produce an electropherogram that portrayed the percent composition and 
concentration of fragmented bacterial DNA for non-irradiated and irradiated cells. 
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2. Phase 2 consisted of performing Pulse Field Gel Electrophoresis (PFGE) to determine 
whether fragmentation occurs at specific “hotspots” by comparing DNA fingerprints of 
non-irradiated and irradiated cells after being subjected for 19 hours of electrophoresis.   
 
Rationale Behind Experimental Approach 
Previous studies have shown that ionizing radiation, such as X-rays, gamma rays and 
eBeam, inactivates microbial cells by causing double stranded DNA breakages (Taghipour, 2004; 
Hieke, et. al., 2018). These double stranded breaks are created when atoms cause a series of 
ionizing events that lead to structural breakages (Pillai, 2018). Due to the microbial inactivation, 
ionizing radiation has practical uses within the medical field, water sanitation, food industry, and 
many more (Smathers, 1988; Husman, et. al., 2004; Pillai, 2018).  
 
Double strand break repair has two major pathways: Homologous recombination and Non-
homologous DNA End Joining (NHEJ) (Lieber, 2010). Repair enzymes within the two pathways 
are constantly operating until the fragment is intact once again.  After eBeam exposure, it would 
be assumed that even these repair mechanisms would be impaired. However, recent studies in our 
laboratory show that the metabolism of the inactivated cell continues for extended period of time 
beyond the irradiation. (Bhatia and Pillai (2019). This could explain how irradiated cells, even 
after irradiation, are still attempting to repair their damaged (Duncan, et. al, 2018).  
 
An aspect to consider is how these DNA breakages are occurring. Is fragmentation 
occurring randomly or are there specific DNA regions that are more susceptible to ionizing 
radiation?  Oligonucleotide probing has shown how gamma ray induced mutations have occurred 
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at the lacI gene of E. coli at position 620-632, characterized by the sequence 5’-TGGC-3’ (Wijker, 
et.al., 1996). In comparison, X-rays induce abasic clusters (loss of pyrimidine sites), oxidized 
pyrimidine clusters, and pyrimidine clusters (Sutherland, et. al., 2002). Research is currently 
occurring to better understand the effects of eBeam and to determine whether target “hotspots” 
exist for eBeam particles (Cauet, et. al., 2013; Keller, et. al.,2014; Reissig, et. al., 2016).  
 
To further seek “hotspots” susceptible to eBeam, the 5200 Fragment Analyzer (Agilent, 
Austin, TX) could assist in determining if a pattern can be identified for microbial DNA 
fragmentation.  Primarily, the 5200 Fragment Analyzer (Agilent, Austin, TX) offers the ability to 
quickly perform DNA and RNA fragmentation analysis (Agilent, 2018). The 5200 Fragment 
Analyzer was included in this project to evaluate percent composition and concentration of 
fragmented un-irradiated and irradiated bacterial DNA. The data provided the relative sizes of each 
bacterial DNA fragment along with the concentration for each fragment present in the sample. 
 
For further analysis, Pulsed Field Gel Electrophoresis (PFGE) was employed to support 
the claim that eBeam causes DNA fragmentation. Typically, the PFGE technique is used to 
generate a characteristic DNA fingerprint for characterizing bacterial isolates (CDC, 2016). 
National and international outbreaks have been successfully identified by the use of PFGE by 
connecting similar cases of illness (Prager, et. al. 2003).  Implementation of PFGE is a rapid (1-
2days) analysis that also demonstrates genetic fingerprinting from bacterial isolates with the use 
of different restriction enzymes (such as XbaI, BlnI, and SpeI) to reveal fingerprint patterns and 
match those similar patterns to known diseases (Sandt, et. al., 2006).  In these studies, PFGE was 
employed (without restriction endonucleases) to determine whether eBeam inactivated microbial 
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cells showed DNA fragmentation and whether any discernable pattern of fragmentation could be 
identified. PFGE allows one to visualize differences in molecular weight as a low molecular weight 
fragment will travel and migrate towards to bottom of the gel.  
  
Fragment Analyzer 
 The Fragment Analyzer system employs a high sensitive parallel capillary electrophoresis 
designed to analyze dozens of DNA samples at once. The Fragment Analyzer can process up to 
three, 96 well plates continuously (Agilent, 2018). This technology is centered with fluorescence 
based parallel capillary electrophoresis requiring only one or two microliters of bacterial sample. 
The resolution of the Fragment Analyzer is as low as 3bp, which will be significant when 
measuring DNA fragments after eBeam.  
 
Each prepared sample is voltage injected into their respective narrow capillaries arranged 
in a parallel orientation. The narrow capillaries contain a separation gel matrix infused with an 
intercalating dye used for fluorescence. Separation is achieved in electrophoresis due to the 
electrical field generated by the differences in charge over size ratios which allow the nucleic acid 
fragments in the sample to migrate based on their size (Loden, 2008). When migrating through the 
capillary tubes from the negatively charged buffer tray to the positively charged reservoir, the 
DNA fragments interact with intercalating agents and pass by a detection window. The nucleic 
acid bound dye is excited by an LED wavelength of 470nm; thus, producing a fluorescence 
emission which is detected by a CCD detector (Agilent, 2018). To quantify the size of each 
fragment, the CCD detector counts the time taken to navigate through the detection window. The 
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relative emission the fragment emits is quantified by the CCD detector to provide the nucleic acid 
concentration when compared to a ladder.  
 
Once samples run through the capillary tubes, the Fragment Analyzer produces an 
electropherogram representing the quantities of the analyzed nucleic acid fragments. Depending 
on the number of peaks given in the electropherogram, the data will indicate the size and 
concentration within the samples.  
  
Pulsed-Field Gel Electrophoresis  
Pulsed-Field Gel Electrophoresis (PFGE) was one of the more robust technologies for 
comparing microbial genomes (CDC, 2018). A variation of gel electrophoresis, PFGE, can identify 
differences between bacterial genomes based on the level of fragmentation. In traditional PFGE 
analysis, restriction endonucleases are employed to cut DNA at know sequences when DNA 
fragments are too large (a whole genome can be used) to move throughout the gel (Parizad, et. al., 
2016). However, in these studies, since the objective was to identify whether electron beam 
irradiation causes fragmentation of the genome we analyzed the genomes of irradiated and un-
irradiated cells without the restriction endonucleases. Within PFGE, the direction of the electric 
field changes periodically, forcing the molecules to reorient before moving down the gel. The re-
orientation allows larger and smaller molecules to separate into discrete bands in pulsed-field gels. 
Instead of using restriction nucleases, eBeam irradiation will be used for the experimental samples 
as it causes DNA fragmentation. The fragment sizes can be estimated by comparing them to a 
ladder and the control groups (Alberts, et. al, 2014). The motivation for this experiment was to 
obtain physical evidence that genome of irradiated cells is fragmented and to determine whether 
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the fragmentation pattern was similar within a bacterial genus. Similar fragmentation pattern 
within a genus would suggest that there were hot spots were DNA double strand breaks were 
occuring. The laboratory protocol used in these studies was based on the publicly available 
protocols published by the Center of Disease Control and Prevention’s standard methods (CDC, 
website information).   
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CHAPTER II 
METHODS 
 
Bacterial Preparation 
Six different strains of nonpathogenic E. coli (AM076, AM1087, 25922, DY330N, 11775, 
K-12) and Salmonella Typhimurium (13311, NVSL87-826254, 12179, MET844, SS007, PJ002) 
were obtained from a -80°C freezer in the Pillai laboratory culture collection.  
 
Each strain was grown for 24 hours on a Tryptic Soy Agar (TSA) plate in a 37°C incubator. 
Prior to eBeam processing, an overnight culture was prepared in Tryptic Soy Broth (TSB) at 37°C 
for 24 hours. For each strain, a single colony was scooped from the TSA plates with previously 
grown stock cultures and placed into TSB media. Three biological replicates were grown for each 
strain. Once grown, each overnight culture was repeatedly washed three times with Phosphate 
Buffer Saline (PBS) solution to get rid of any residual TSB. The washing protocol was as follows: 
The overnight culture was centrifuged at 4000g for 10 minutes; thus, creating a bacterial pellet in 
the bottom of the conical tube. The supernatant was removed and 15mL of PBS was added and the 
solution was vortexed until the pellet was dissolved. The tubes were once again centrifuged and 
the steps were repeated three times. Each culture is resuspended in PBS with a final volume of 25 
mL.  
 
Electron Beam Processing 
 Electron beam irradiation was performed at the National Center for Electron Beam 
Research in College Station, TX. Before taking the bacterial samples to the eBeam processing 
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center, each biological replicate was aliquoted into 5mL Whirlpack bags (NASCO, Fort Atkinson, 
WI) and heat sealed. Each sample had to be triple bagged to avoid leaks and accidental bacterial 
exposure. 
 
A control sample bag was used as the speed check. The speed check is essential to calibrate 
the process to achieve the targeted eBeam dose. An L- α-alanine based dosimetry system (Pravren, 
et. al, 2013) is used to measure eBeam doses.  The dosimeters were placed appropriately (i.e., 
underneath the transport bags to make sure that the sample received the appropriate dose. After 
the samples were irradiated the dosimeters were removed and measured. Based on fine adjustments 
of the conveyor system based on the speed check dosimeter readings, the samples were then 
exposed to the eBeam irradiation at the specific calibrated conveyor belt speed to achieve the 
targeted dose.  
 
Confirmation of Microbial Inactivation 
 After eBeam treatment, all samples were opened in a sterile environment inside a biosafety 
Cabinet. The triple sealed bags were cut with scissors after immerging them in ethanol and flaming 
the blades to ensure sterility. The samples were aliquoted into their respective containers for 
microbial analysis. Each undiluted container was considered as the 100 dilution. Ten-fold serial 
dilutions up to 10-8, for the un-irradiated samples, were made with PBS by transferring 100uL into 
900 µL dilution blanks. Dilutions were plated in TSA plates and incubated at 37°C for 24 hours. 
Irradiated undiluted samples were plated in TSA and incubated in the same conditions. Inactivation 
of microbial cultures were confirmed by lack of growth for 24 hours.  
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DNA Fragmentation Analysis  
 DNA is extracted from the un-irradiated and irradiated samples using the DNeasy Ultra 
Clean Microbial kit (Qiagen, Germantown, MD, as seen in Figure-4, before further downstream 
applications. From each undiluted sample, 1.8 mL was transferred to a 2mL collection tube and 
centrifuged at 10,000g for 30s. The supernatant was removed and centrifuged again at the same 
conditions. The remaining cell pellet was resuspended in 300 uL of PowerBead™ solution to 
stabilize the cell for cell lysis. The solution was transferred to a PowerBead™ tube with 50 uL of 
Solution SL™ that contains SDS and will breakdown fatty acids and lipids associated with the cell 
membrane. The solution was vortexed in a Vortex Adapter at maximum speed for 10 minutes. The 
tubes are centrifuged at 10,000g for 30 seconds and the supernatant was transferred to a clean tube. 
Before centrifuging at 10,000g for one minute, 100 uL of Solution IRS™ was added to precipitate 
non-DNA organic and inorganic material. The entire supernatant was transferred to a new 
collection tube with 900 uL of Solution SB™ to create a high salt concentration needed to bind 
DNA to the spin column. Once mixed, the solution was transferred into a MB Spin Column™ and 
centrifuged at 10,000g for 30 seconds. The flow-through is discarded and 300 uL of Solution CB™ 
was added and centrifuged at 10,000g for 30s to remove residues of salt and other contaminants. 
The column was kept and re-centrifuged for a minute to remove any residual solution CB™. The 
column was placed in a new collection tube and 50 uL of Solution EB™ was added to the center 
of the filter membrane. The tubes were then centrifuged a final time at 10,000g for 30s and DNA 
was released into the tube. Extracted DNA samples are stored in a -20°C freezer until needed for 
molecular analysis. 
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 Figure-4 Qiagen Dneasy Ultra Clean Microbial synthesized protocol (Qiagen, 2017).  
Figure is direct reproduction from Qiagen Dneasy Ultra Clean Microbial Kit Handbook. 
 
The DNA fragments in un-irradiated and eBeam processed samples were analyzed at the 
Texas A&M Genomics and Bioinformatics Center in College Station, TX. The percent 
composition of the differently sized fragments from un-irradiated and irradiated samples were 
quantified with a Fragment Analyzer software. Graphical representations were generated by the 
software, as seen in Appendix A. The size of the fragments in un-irradiated and irradiated cells 
were compared in terms of their percent composition. The fragment sizes were compared between 
bacterial strains and bacterial genera.   
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Pulsed-Field Gel Electrophoresis 
After eBeam treatment, undiluted samples are ready to be cast into plugs for Pulsed-Field 
Gel Electrophoresis. 4.5mL of an undiluted solution was placed into 3-1.5 mL centrifuge tubes 
and were centrifuged at 4,000g for 10 minutes. The pellet was collected from the three replicates 
and were resuspended in 2mL of Cell Suspension Buffer (CSB). The solution was measured with 
a spectrophotometer at an OD600 to obtain a concentration of 0.8-1.0. This process was repeated 
for each bacterial strain. For the cells to undergo cell lysis, 400 uL were transferred from each 
solution to a new 1.5mL centrifuge tube. Mixing was done gently when adding 20 uL of Proteinase 
K (20mg/mL) to each tube. A reusable mold was utilized to cast the bacterial plugs. To create the 
plugs, 400 uL of pre-made 1% Seakem Gold Agarose (SKA) was added to the tubes and 
immediately transferred into the labeled plug mold. A total of three plugs were made for each 
biological replicate.  
 
After the plugs solidify, they were placed into respective tubes containing a mix of 5mL of 
Cell Lysis Buffer (CLB) and 25 uL of Proteinase K (20mg/mL). They were left in a shaking water 
bath at 55°C overnight for proper cell lysis. The plugs were then washed with two rounds of 10 
mL of warm sterile water and four rounds of 10mL of warm TE buffer. Between each round the 
tubes were shaken in a water bath for 10 minutes at 55°C. The solution was decanted and 
resuspended in 5mL of TE buffer and stored at 4°C until needed. Restriction enzymes were not 
used in this procedure. Instead of using restriction enzymes, eBeam was used to cause breakages 
in DNA.  
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Once the plugs were ready to be loaded, they were placed onto a 15 well comb and air dried 
for 15 minutes. Running buffer was prepared with 117.5mL of 10xTBE and 2232.5 mL of sterile 
water to create a 0.5X TBE solution. To cast the agarose gel, 150mL of 0.5X TBE solution was 
mixed with 1.5g of SKA and once the plugs were dried, the agarose was poured onto the gel casting 
stand with the comb inserted. Once the gel solidified, the gel was loaded onto the CHEF Mapper 
along with the running buffer and conditions for electrophoresis were set. Both E. coli and S. 
Typhimurium gels were run for 19 hours. Once the gel run was completed, the gel was stained with 
GelRed and an image was captured on GelDoc. The electrophoretic data was analyzed to observe 
differences and similarities in DNA fragment size between individual strains and between the 
replicate samples.  
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CHAPTER III 
RESULTS 
 
Confirmation of Microbial Inactivation 
 E. coli and S. Typhimurium had a starting titer of 8.98 ± 0.05 log CFU/mL and 9.28 ± 
 0.19 log CFU/mL, respectively. The E. coli samples received a measured dose of 7.47 kGy and 
S. Typhimurium received 7.02 kGy. No growth was detected in any of the irradiated samples after 
24 hours on a TSA plate, confirming that irradiation achieved complete microbial inactivation.   
 
E. coli and S. Typhimurium Data from Fragment Sequence Analyzer 
Each sample read through the Fragment Analyzer was voltage injected into capillary tubes 
arranged in a parallel format. These capillaries allowed for the separation on a gel matrix infused 
with a fluorescent intercalating dye. Electropherograms were taken using standard Fragment 
Analyzer protocols from the AgriLife Genomics and Bioinformatics Center (College Station, TX). 
Shown in Table-1 are DNA fragment sizes, analyzed by the 5200 Fragment Analyzer (Agilent, 
Austin, TX), that represent how each E. coli strain’s DNA was cut at 0 kGy and 7 kGy. Highlighted 
in Table-1 are the averaged sized fragments that had the highest concentration present within each 
biological replicate. When treated with 7 kGy, an increase of DNA shredding is visualized when 
comparing the highest fragment concentration between irradiated and non-irradiated samples. 
Shown in Table-2 are DNA fragment sizes that represent how each S. Typhimurium strain’s DNA 
fragmented at 7 kGy as compared to the unirradiated cells. In Appendix A, E. coli and S. 
Typhimurium graphs demonstrate the pattern that each bacterial strain develops at 0kGy and at 
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7kGy. A similar study was done with UV irradiated products where   S. Typhimurium samples 
were illustrated as 7 peaks after irradiation through capillary electrophoresis (Ozaki, et. al., 1998).  
 
Shown in Table-1 and Table-2, there was a consistent pattern of DNA shredding within 
strains; although, there is none between the bacteria as a whole. Each strain exhibited similar high 
concentrations of DNA fragment sizes with no irradiation and at 7kGy. There is a high percent 
reduction between fragment sizes from control and eBeam samples. This indicates that samples 
irradiated with eBeam show a significant reduction in size. A similar study was done where human 
genomic DNA was sheared using an array of hydropores and analyzed with the fragment analyzer. 
The electropherogram, showed high multiple peaks describing the multiple average base pair 
lengths of fragments created after shearing (Lakha, et. al., 2016). The fragment analyzer cannot 
determine whether the DNA fragments are the same coded strands, but it does determine a 
commonality between fragment sizes. Irradiated samples relay common breakages within strains; 
thus, leading to question whether a “hotspot” exists where eBeam is more susceptible to cause 
damage within DNA.  
 
Within the 0 kGy (control) column, there is fragmentation shown even in the non-irradiated 
samples, which shows that the DNA shearing can be expected during routine DNA extraction 
protocols. Mechanical shearing is natural and expected during the manual DNA extraction (Yuan, 
et. al., 2012). The results suggest that the majority of the fragments in the irradiated samples exhibit 
smaller fragment sizes as compared to the un-irradiated cells.  Mechanical shearing during DNA 
extraction is a root for DNA cleavage; but, to justify these results, fresh samples were irradiated at 
the same doses and analyzed through PFGE to eliminate a mechanical cause for DNA shredding.  
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PFGE analysis will provide justification for DNA cleavages as the samples will be loaded onto the 
gel without any mechanical stress.   
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Table-1. DNA fragment sizes of six E.coli strains after 0kGy and 7 kGy treatments.  
  
Strain AM076 0 kGy (Control) 7 kGy (eBeam) 
A 19071bp (87.7%) 103bp (7.05%), 2304bp (90.9%), >60000bp (1.95%) 
B 19963bp (71.7%) 112bp (4.81%), 2146bp (94.7%) 
C 496bp (2.38%), 4229bp (6.58%), 19591bp (65.2%), 39372bp (8.96%) 179bp (13.2%), 2732bp (84.8%) 
Strain AM1087 0 kGy (Control) 7 kGy (eBeam) 
A 
88bp (0.39%), 258bp (1.04%), 496bp 
(8.31%), 2681bp (8.89%), 11998bp 
(79.7%), >6000bp (0.41%) 
102bp (13.6%), 5081bp (90.6%), 
>60000bp (0.21%) 
B 581bp (5.11%), 2768bp (12.4%), 19172bp (61.0%), 35960bp (4.92%) 106bp (1.34%), 4636bp (98.2%) 
C 22145bp (66.7%) 98bp (1.25%), 5709bp (89.3%), 58984bp (0.31%) 
Strain 25922 0 kGy (Control) 7 kGy (eBeam) 
A 
83bp (0.64%), 541bp (1.70%), 694bp 
(0.67%), 1120bp (1.01%), 14636bp 
(92.2%) 
201bp (10.9%), 4609bp (84.9%) 
B 
95bp (2.2%), 262bp (4.05%), 532bp 
(3.21%), 731bp (1.86%), 1143bp (1.93%), 
12938bp (83.6%) 
196bp (14.5%), 4672bp (75.6%) 
C 
92bp (1.84%), 264bp (3.74%), 580bp 
(4.13%), 1094bp (2.17%), 13213bp 
(83.1%), >60000bp (0.001%) 
212bp (24.0%), 3917bp (65.5%) 
Strain DY330N 0 kGy (Control) 7 kGy (eBeam) 
A 20173bp (81.0%) 9356bp (70.4%) 
B 18434bp (73.5%) 11002bp (58.6%) 
C 491bp (2.19%), 19369bp (85.6%) 257bp (3.36%), 10177bp (75.5%) 
Strain 11775 0 kGy (Control) 7 kGy (eBeam) 
A 83bp (0.70%), 348bp (2.05%), 14679bp (96.0%) 
9226bp (78.8%) 
 
B 463bp (2.38%), 13874bp (96.3%), 40629bp (0.24%), >60000bp (0.22%) 8636bp (79.7%), >60000bp (1.10%) 
C 88bp (0.33%), 457bp (2.52%), 15063bp (95.2%), >60000bp (0.74%) 8437bp (80.6%) 
Strain K-12 0 kGy (Control) 7 kGy (eBeam) 
A 
133bp (0.48%), 267bp (0.14%), 468bp 
(2.41%), 12151bp (95.2%), 39576bp 
(0.23%), >60000bp (0.83%) 
159bp (2.80%), 9412bp (92.2%) 
B 484bp (2.39%), 18467bp (96.1%) 172bp (3.94%), 9009bp (92.2%), >60000bp (0.41%) 
C 461bp (1.90%), 14477bp (96.8%), >60000bp (0.17%) 
152bp (3.11%), 791bp (3.12%), 
9829bp (90.0%), >60000bp (1.44%) 
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Table-2. DNA fragment sizes of six S. Typhimurium strains after 0kGy and 7 kGy treatments. 
 
Strain 13311 0 kGy (Control) 7 kGy (eBeam) 
A 88bp (0.90%), 275bp (0.85%), 434bp (1.96%), 558bp (1.98%), 9719bp (94.2%) 160bp (40.9%) 
B 27614bp (99.1%) 99bp (65.0%) 
C 282bp (0.38%), 444bp (1.56%), 576bp (1.88%), 14597bp (94.5%) 99bp (67.8%) 
Strain NVSL87-826254 0 kGy (Control) 7 kGy (eBeam) 
A 71bp (3.70%), 280bp (2.24%), 394bp (4.28%), 567bp (1.16%), 9672bp (88.5%) 9346bp (90.5%) 
B 23827bp (89.8%), >60000bp (3.93%) 9836bp (80.3%) 
C 17624bp (89.5%), >60000bp (3.36%) 12158bp (80.7%) 
Strain 12179 0 kGy (Control) 7 kGy (eBeam) 
A 18812bp (84.9%) 9346bp (88.2%) 
B 17921bp (98.5%) 103bp (0.61%), 9807bp (96.9%) 
C 309bp (6.46%), 19901bp (74.4%) 13535bp (91.4%) 
Strain MET844 0 kGy (Control) 7 kGy (eBeam) 
A 72bp (1.81%), 269bp (1.20%), 437bp (4.41%), 532bp (0.89%), 9953bp (90.5%) 16293bp (96.1%) 
B 21570bp (88.0%) 15000bp (96.3%) 
C 
73bp (0.09%), 279bp (0.87%), 459bp 
(4.54%), 569bp (0.97%), 12581bp 
(90.7%), 37699bp (0.60%) 
15656bp (97.1%) 
Strain SS007 0 kGy (Control) 7 kGy (eBeam) 
A 13862bp (85.5%) 388bp (5.57%), 3941bp (93.8%) 
B 16238bp (88.9%) 9420bp (92.0%) 
C 450bp (6.47%), 15000bp (88.9%) 10260bp (95.8%) 
Strain PJ002 0 kGy (Control) 7 kGy (eBeam) 
A 16733bp (87.8%) 9952bp (92.8%) 
B 15644bp (80.0%) 11122bp (89.1%) 
C 17822bp (96.8%) 10432bp (89.2%) 
 
E. coli and S. Typhimurium Data from Pulsed-Field Gel Electrophoresis  
Pulsed Field Gel Electrophoresis was used to reduce the amount of mechanical shredding 
that could occur during DNA extraction.  Pulse Field Gel Electrophoresis allows separation of 
complete genomes within a sample (CDC, 2018). Within PFGE, depending on the size of the 
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genome that was analyzed, restriction nucleases select for certain sequences to allow for proper 
sorting. Instead of using restriction nucleases, eBeam irradiation was used for the experimental 
samples as it causes double strand breakages within DNA. Appendix B illustrates a series of 
images depicted after staining each gel with Gel Red. Each gel contains irradiated and non-
irradiated samples of the same bacterial strain. Within each gel there are two replicates of the same 
biological replicate.  
 
The first half of the gel (wells 1-8) show a straight comparison between 0kGy and 7kGy 
and the second half of the gel (wells 9-15) shows comparison between biological strains with the 
same targeted dose. Non-irradiated samples exhibit a smear located at the top part of the gel. As 
seen in Appendix B, fragments located at the top part of the gel represent those with a higher 
molecular weight. Each image of the gel has an un-irradiated and irradiated fragment encased in a 
green circle to compare how un-irradiated samples have bands at a higher molecular weight, but 
are not present within the irradiated samples. The PFGE pattern from the irradiated samples exhibit 
a smear at the lower part of the gel. Each image of the gel has a blue circle encasing multiple 
fragments illustrating lower molecular weights in eBeam treated and un-irradiated cells. A 
comparison between samples show how only eBeam treated cells gather at the lower end of the 
gel due to their lower molecular fragments.  There is no clear band pattering, due to the numerous 
fragment sizes created after PFGE, but the smears at the lower part of the gel show how eBeam 
causes DNA breakages after irradiation. A previous study illustrates a PFGE gel with human 
dermal fibroblast cells after X-ray irradiation at different doses. DNA from the irradiated cells 
decrease in smear size and appear at the bottom part of the gel (Löbrich, 1995). 
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 In Pulsed Field Gel Electrophoresis, the rate the samples travel across the gel depends on 
the molecular size of the fragments. The smaller the fragment, the faster it will travel across the 
gel. The gels relate a pattern specific to their respective biological replicate, but it is not clear 
whether these breakages were random or targeted at a specific location. The gels showed high 
expression in certain areas where similar sized fragments are concentrated. The following steps 
are to sequence several parts of a PFGE gel and after DNA extraction to determine what sequences 
are located within the fragmented segments.  
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CHAPTER IV 
CONCLUSION 
 
Electron beam (eBeam) technology is known to cause double stranded breaks in microbial 
cells (Taghipour, 2004; Hieke, et. al., 2018). These double stranded breaks if extensive and 
juxtaposed from each other will prevent DNA replication and prevent multiplication of cells and 
thereby inactivating the cells (Pillai, 2016). In order to confirm this claim, six different strains of 
E. coli and S. Typhimurium were subjected to a kill dose of 7 kGy. DNA was extracted from each 
sample and analyzed by a DNA fragment analyzer and by Pulsed Field Gel Electrophoresis.  
 
Experimental data from the Fragment Analyzer suggests that eBeam does cause 
fragmentation of the genomic DNA. When electropherograms were compared between irradiated 
specific strains, fragments had similar base pair sizes between the biological replicates. Each 
biological replicate was treated as its own sample and after irradiation, the results show a similar 
pattern between them. Although there were traces of natural mechanical shearing, irradiated and 
non-irradiated samples fragment at sizes proximal to each replicate. This suggests that eBeam-
irradiated samples have a similar DNA fragmentation pattern when subjected to a dose of 7kGy.  
 
Data from Pulse Field Gel Electrophoresis suggest that genomic DNA from the irradiated 
cells, compared to un-irradiated cells, travel at a faster rate towards the bottom of the gel due to 
the fragment’s low molecular weight. This suggests that when microbial cells are exposed to lethal 
eBeam doses, the DNA gets fragmented as a result of extensive double-strand breakages. Overall 
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data from the PFGE suggests that bacterial cells fragment when the samples were subjected to a 
dose of 7kGy.  
 
These studies provide strong evidence that when exposed to lethal eBeam doses, bacterial 
DNA is fragmented. This can be seen in both the results from the Fragment Analyzer and from the 
PFGE. However, the results are inconclusive as to whether there are “hot spots” where double 
stranded DNA breaks occur when subjected to ionizing radiation such as eBeam. More effort is 
needed to design studies that will provide an insight as to whether “hot spots” occur on bacterial 
genomes.  
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APPENDIX A 
 
 
Figure-5: E. coli AM076 Fragment Analyzer Data 
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Figure-6: E. coli AM1087 Fragment Analyzer Data 
  
2A0 2A7 
  
2B0 2B7 
  
2C0 2C7 
  
38 
 
 
 
 
Figure-7: E. coli 25922 Fragment Analyzer Data 
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Figure-8: E. coli DY330N Fragment Analyzer Data 
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Figure- 9: E. coli 117755 Fragment Analyzer Data 
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Figure-10: E. coli K-12 Fragment Analyzer Data 
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Figure-11: S. Typhimurium 13311 Fragment Analyzer Data 
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Figure-12: S. Typhimurium NVSL87-826254 Fragment Analyzer Data 
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Figure-13: S. Typhimurium 12179 Fragment Analyzer Data 
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Figure-14: S. Typhimurium MET844 Fragment Analyzer Data 
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Figure-15: S. Typhimurium SS007 Fragment Analyzer Data 
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Figure-16: S. Typhimurium PJ002 Fragment Analyzer Data 
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APPENDIX B 
 
Well ID 
1 - 
2 1A-0 
3 1A-7 
4 1B-0 
5 1B-7 
6 Ladder 
7 1C-0 
8 1C-7 
9 1A-0 
10 1B-0 
11 1C-0 
12 1A-7 
13 1B-7 
14 1C-7 
15 Ladder 
 
Figure-17: E. coli AM076 Pulse Field Gel Electrophoresis. Green circle indicates higher 
molecular weight fragments; Blue circle indicates lower molecular weight fragments. 
 1   2     3     4      5     6     7      8     9     10    11   12   13   14   15  
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Well ID 
1 Ladder 
2 2A-0 
3 2A-7 
4 2B-0 
5 2B-7 
6 Ladder 
7 2C-0 
8 2C-7 
9 2A-0 
10 2B-0 
11 2C-0 
12 2A-7 
13 2B-7 
14 2C-7 
15 Ladder 
 
Figure-18: E. coli AM1087 Pulse Field Gel Electrophoresis. Green circle indicates higher 
molecular weight fragments; Blue circle indicates lower molecular weight fragments. 
  
1    2    3    4    5     6    7     8     9     10   11    12    13    14     15  
50 
 
Well ID 
1 - 
2 3A-0 
3 3A-7 
4 3B-0 
5 3B-7 
6 Ladder 
7 3C-0 
8 3C-7 
9 3A-0 
10 3B-0 
11 3C-0 
12 3A-7 
13 3B-7 
14 3C-7 
15 - 
 
Figure-19: E. coli 25922 Pulse Field Gel Electrophoresis. Green circle indicates higher 
molecular weight fragments; Blue circle indicates lower molecular weight fragments.  
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Well ID 
1 Ladder 
2 4A-0 
3 4A-7 
4 4B-0 
5 4B-7 
6 Ladder 
7 4C-0 
8 4C-7 
9 4A-0 
10 4B-0 
11 4C-0 
12 4A-7 
13 4B-7 
14 4C-7 
15 - 
 
 
Figure-20: E. coli DY330N Pulse Field Gel Electrophoresis. Green circle indicates higher 
molecular weight fragments; Blue circle indicates lower molecular weight fragments.  
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Figure-21: E. coli 11775 Pulse Field Gel Electrophoresis: 
 
Well ID 
1 Ladder 
2 5A-0 
3 5A-7 
4 5B-0 
5 5B-7 
6 Ladder 
7 5C-0 
8 5C-7 
9 5A-0 
10 5B-0 
11 5C-0 
12 5A-7 
13 5B-7 
14 5C-7 
15 - 
 
 
Figure-21: E. coli 11775 Pulse Field Gel Electrophoresis. Green circle indicates higher 
molecular weight fragments; Blue circle indicates lower molecular weight fragments.  
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Well ID 
1 - 
2 6A-0 
3 6A-7 
4 6B-0 
5 6B-7 
6 Ladder 
7 6C-0 
8 6C-7 
9 6A-0 
10 6B-0 
11 6C-0 
12 6A-7 
13 6B-7 
14 6C-7 
15 Ladder 
 
 
Figure-22: E. coli K-12 Pulse Field Gel Electrophoresis. Green circle indicates higher molecular 
weight fragments; Blue circle indicates lower molecular weight fragments. 
  
 1     2     3     4     5     6    7     8     9    10   11   12   13   14   15  
54 
 
Well ID 
1 Ladder 
2 1A-0 
3 1A-7 
4 1B-0 
5 1B-7 
6 Ladder 
7 1C-0 
8 1C-7 
9 1A-0 
10 1B-0 
11 1C-0 
12 1A-7 
13 1B-7 
14 1C-7 
15 Ladder 
 
Figure-23: S. Typhimurium 113311 Pulse Field Gel Electrophoresis. Green circle indicates 
higher molecular weight fragments; blue circle indicates lower molecular weight fragments.  
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Well ID 
1 Ladder 
2 2A-0 
3 2A-7 
4 2B-0 
5 2B-7 
6 Ladder 
7 2C-0 
8 2C-7 
9 2A-0 
10 2B-0 
11 2C-0 
12 2A-7 
13 2B-7 
14 2C-7 
15 - 
 
 
Figure-24: S. Typhimurium NVSL87-826254 Pulse Field Gel Electrophoresis. Green circle 
indicates higher molecular weight fragments; blue circle indicates lower molecular weight 
fragments.  
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Well ID 
1 Ladder 
2 3A-0 
3 3A-7 
4 3B-0 
5 3B-7 
6 Ladder 
7 3C-0 
8 3C-7 
9 3A-0 
10 3B-0 
11 3C-0 
12 3A-7 
13 3B-7 
14 3C-7 
15 - 
 
 
Figure-25: S. Typhimurium 12179 Pulse Field Gel Electrophoresis. Green circle indicates 
higher molecular weight fragments; blue circle indicates lower molecular weight fragments.  
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Well ID 
1 - 
2 4A-0 
3 4A-7 
4 4B-0 
5 4B-7 
6 Ladder 
7 4C-0 
8 4C-7 
9 4A-0 
10 4B-0 
11 4C-0 
12 4A-7 
13 4B-7 
14 4C-7 
15 Ladder 
 
Figure-26: S. Typhimurium MET844 Pulse Field Gel Electrophoresis. Green circle indicates 
higher molecular weight fragments; blue circle indicates lower molecular weight fragments.  
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Well ID 
1 - 
2 5A-0 
3 5A-7 
4 5B-0 
5 5B-7 
6 Ladder 
7 5C-0 
8 5C-7 
9 5A-0 
10 5B-0 
11 5C-0 
12 5A-7 
13 5B-7 
14 5C-7 
15 Ladder 
 
 
Figure-27: S. Typhimurium SS007 Pulse Field Gel Electrophoresis. Green circle indicates 
higher molecular weight fragments; blue circle indicates lower molecular weight fragments.  
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Well ID 
1 Ladder 
2 6A-0 
3 6A-7 
4 6B-0 
5 6B-7 
6 Ladder 
7 6C-0 
8 6C-7 
9 6A-0 
10 6B-0 
11 6C-0 
12 6A-7 
13 6B-7 
14 6C-7 
15 Ladder 
 
Figure-28: S. Typhimurium PJ002 Pulse Field Gel Electrophoresis. Green circle indicates 
higher molecular weight fragments; Blue circle indicates lower molecular weight fragments. 
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